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Edited by Shou-Wei DingAbstract Small RNAs are non-coding regulatory RNA mole-
cules that control gene expression by mediating mRNA degrada-
tion, translational inhibition, or chromatin modiﬁcation. Virus-
derived small RNAs induce silencing of viral RNAs and are
essential for antiviral defense in both animal and plant systems.
The role of host endogenous small RNAs on antibacterial immu-
nity has only recently been recognized. Host disease resistance
and defense responses are achieved by activation and repression
of a large array of genes. Certain endogenous small RNAs in
plants, including microRNAs (miRNAs) and small interfering
RNAs (siRNAs), are induced or repressed in response to patho-
gen attack and subsequently regulate the expression of genes in-
volved in disease resistance and defense responses by mediating
transcriptional or post-transcriptional gene silencing. Thus, these
small RNAs play an important role in gene expression repro-
gramming in plant disease resistance and defense responses. This
review focuses on the recent ﬁndings of plant endogenous small
RNAs in antibacterial immunity.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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lsiRNAs; miRNA; Plant immunity1. Multiple layers of plant immune responses
Plants have evolved multiple layers of immune systems in re-
sponse to various pathogen attacks [1,2]. The ﬁrst layer of de-
fense is so-called ‘‘non-host resistance’’, which enables plants
to resist the vast majority of pathogens by either preventing
pathogen penetration or by depriving the nutrients and other
factors required for pathogen growth and multiplication. Once
the bacterial or fungal pathogens gain access to the plant inte-
rior and get through the cell wall, they encounter another layer
of defense that is triggered by the recognition of microbial or
pathogen-associated molecular patterns (MAMPs or PAMPs),
such as ﬂagellin, by plant transmembrane pattern recognition
receptors (PRRs). During the co-evolution of plant and path-
ogen, some successful pathogens have overcome this PAMP-
triggered immunity (PTI) by delivering eﬀectors into the plant
cell to suppress the signal transduction of PTI. As part of the
arms race between plants and pathogens, some plants have
evolved another rapid and highly eﬀective defense system –E-mail address: hailingj@ucr.edu
0014-5793/$34.00  2008 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2008.06.053eﬀector-triggered immunity (ETI), which is mediated by resis-
tance (R) proteins. R proteins recognize speciﬁc pathogen
eﬀectors, such as bacterial avirulence (avr) proteins, and rap-
idly turn on a series of defense responses to inhibit pathogen
growth [1–4]. PTI, also referred to as ‘‘basal defense’’, is path-
ogen non-speciﬁc and less eﬀective than ETI, the R gene-med-
iated resistance.
Plant immune responses, including both PTI and ETI, are
mediated by activation and repression of a large array of genes
during infection. For example, over 2000 genes are diﬀeren-
tially expressed in the disease resistance responses triggered
by two NBS–LRR type of R genes, RPS2 and RPM1 [5].
How gene expression reprogramming is achieved, however, is
largely unknown. Several recent studies suggest that endo-
genous small RNA-mediated gene silencing may serve as one
important mechanism for gene expression reprogramming in
plant immune responses. This review mainly discusses plant
endogenous small RNAs in antibacterial immunity (Fig. 1
and Table 1).2. Plant endogenous small RNAs
Endogenous small RNAs are now recognized as important
regulators of gene expression in numerous cellular processes.
These short non-coding small RNAs can be classiﬁed into
microRNA (miRNA), short interfering RNA (siRNA), and
PIWI-interacting RNA (piRNA) based on their distinct bio-
genesis pathways [6]. In plants, the biogenesis of small RNAs
is especially complex, as reﬂected by the large numbers of
enzymes involved. Arabidopsis has four type-III ribonuclease
Dicer-like (DCL) proteins, six predicted RNA-dependent
RNA polymerases (RDRs), and 10 predicted Argonautes
(AGOs). Plants do not contain the PIWI subfamily of AGO
proteins and no piRNAs are identiﬁed so far from plants.
miRNAs are small (mostly 20–22-nt) RNAs generated from
hairpin precursors mainly by DCL1. A few recently identiﬁed
miRNAs with long hairpin precursors depend on DCL4. The
biogenesis of miRNAs does not require RDRs or RNA poly-
merase IV (pol IV) components. In Arabidopsis, more than 200
miRNAs were reported, and many are important for plant
development. Some miRNAs have been shown to be induced
or repressed by various abiotic stresses and regulate gene
expression in plant stress responses [7]. Plant miRNAs have
high complementarity to their mRNA targets and were
thought to predominantly induce post-transcriptional gene
silencing by guiding mRNA cleavage. Translational inhibition,blished by Elsevier B.V. All rights reserved.
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Fig. 1. Certain plant endogenous small RNAs (miRNAs and siRNAs)
are up- or down-regulated by pathogen infection and target R genes or
defense responses genes in plant immunity. These small RNAs
contribute to gene expression reprogramming and ﬁne-tuning in plant
resistance and defense responses.
2680 H. Jin / FEBS Letters 582 (2008) 2679–2684however, was recently reported to be another widespread mode
of action for many miRNAs in plants [8].
Endogenous siRNAs are generated from long double-
stranded RNAs (dsRNAs) as a result of antisense transcription
or the activity of RDRs. Millions of endogenous siRNAs have
been identiﬁed from plants by deep sequencing. They are extre-
mely diverse and are normally not conserved across diﬀerent
species. Plant endogenous siRNAs can induce transcriptional
gene silencing via DNA methylation and/or histone modiﬁca-
tions or cause post-transcriptional gene silencing via mRNA
degradation and/or translation inhibition. Although siRNAs
greatly outnumber miRNAs, the biological roles of many
endogenous siRNAs have yet to be explored.
The biogenesis of various siRNAs involves all four DCLs in
Arabidopsis. DCL1 initiates the in-phase production of trans-
acting siRNAs (ta-siRNAs) by producing miRNAs that guide
the cleavage of ta-siRNA precursors [6]. DCL1 is also required
for the bacterial-induced natural antisense transcripts-derived
siRNA (nat-siRNA) [14] and the in-phase production of salt
stress-induced 21-nt nat-siRNAs, which is initiated by a 24-
nt nat-siRNA produced by DCL2 [9]. DCL2 produces some
viral siRNAs and substitutes for DCL3 or DCL4 when they
are absent [6]. DCL3 generates 24-nt heterochromatin-associ-
ated or repeat-associated siRNAs that regulate heterochroma-
tin formation and transcriptional gene silencing [6]. The in-
phase production of ta-siRNAs depends on DCL4 [6]. DCL4
also generates siRNAs from long hairpin RNAs in inverse re-
peat-induced PTGS. Furthermore, DCL4 serves as a primary
antiviral sensor for production of virus-derived siRNAs and
prevents viral exit from the vasculature [10].
In addition to DCLs, other components such as RDRs and
AGOs have been implicated in siRNA accumulation. RDR2
and the RNA pol IV cooperate in generating heterochroma-
tin-associated 24-nt siRNAs. These siRNAs are incorporated
into AGO4 or AGO6 and induce transcriptional gene silencing
by guiding DNA methylation and histone modiﬁcations at the
homologous genomic loci [11–13]. Generation of ta-siRNAs
and nat-siRNAs requires RDR6 and SUPPRESSOR OF
GENE SILENCING 3 (SGS3) [6,9,14]. These ﬁndings indicate
that plants have evolved multiple small RNA processing path-
ways with speciﬁc and overlapping functions.
H. Jin / FEBS Letters 582 (2008) 2679–2684 26813. miRNAs and PAMP-triggered antibacterial resistance
ArabidopsismiR393 was the ﬁrst miRNA identiﬁed to play a
role in plant antibacterial PTI by regulating the auxin signaling
pathway [15]. miR393 was induced by a bacterial PAMP pep-
tide ﬂg22 at 20–60 min post-treatment. Expression of the
miR393 targets, auxin receptor TIR1 (Transport Inhibitor Re-
sponse 1) and two of its functional paralogs (AFB2 and AFB3),
was decreased upon ﬂg22 treatment. Constitutive overexpres-
sion of another TIR1 paralog that is not a target of miR393,
AFB1, in a tirl-1 mutant background led to enhanced disease
sensitivity to Pseudomonas syringae pv. tomato (Pst) DC3000,
whereas miR393 overexpression lines restricted bacterial
growth. Thus, the ﬁndings suggest that miR393 contributes
to ﬂg22-induced basal defense or PTI by targeting auxin recep-
tor mRNAs and subsequently repressing auxin signaling in
Arabidopsis (Fig. 2A).
By using small RNA expression proﬁling on Arabidopsis
leaves collected at 1 and 3 h post-inoculation of Pst DC3000
hrcC, Fahlgren et al. [16] identiﬁed three miRNAs, miR393,
miR167, and miR160 that were highly induced after infection.
Pst DC3000 hrcC strain has a mutation in the key eﬀector
delivery machine, the type III secretion system. This strain trig-
gers PTI in plants and can no longer cause disease. Interest-Fig. 2. Identiﬁed miRNAs and endogenous siRNAs that play a role in
antibacterial PTI (A) and ETI (B) in Arabidopsis [14–16,26]. The
expression and putative function of miR167, miR160 and miR825 (A)
were purely based on the deep sequencing data from Fahlgren et al.
[16] and require further experimental validation. The putative function
of AtlsiRNA-2, 3 and 5 (B) was based on Northern blot analysis and
computational analysis and also requires further experimental valida-
tion.ingly, all three miRNAs negatively regulate auxin signaling
by either targeting auxin receptor genes or auxin response fac-
tors. Pathogen-induced small RNAs are likely to silence nega-
tive regulators of host resistance pathways. miR825 was down-
regulated by Pst DC3000 hrcC infection and has three pre-
dicted targets, including the Remorin gene, the zinc ﬁnger
homeobox family gene, and a frataxin-related gene [16]
(Fig. 2A). These predicted targets are likely up-regulated by
the infection and presumably positively regulate plant defense
responses, although their functions need to be conﬁrmed by
experimental data.
These results indicate that host miRNAs play an important
role in plant immunity. The importance of miRNA in host
immunity has also been reported in animal systems. Several
miRNAs, including miR150, miR155, and miR181a, are diﬀer-
entially expressed during the T-cell and B-cell diﬀerentiation
and regulate their activation and sensitivity to antigens. The
miRNAs help regulate the diﬀerentiation of haematopoietic-
cell lineage and the modulation of adaptive immune responses
[17–20]. T-cell deﬁciencies were observed in Dicer conditional
knockout mice [21]. Dicer ablation also aﬀects B lymphocyte
development by blocking pro-B to pre-B cell transition and
interferes with antibody diversity [22]. Animal miRNAs also
play a crucial role in innate immunity, the ﬁrst line of defense
mediated by recognition between Toll-like receptors (TLRs)
and invading bacterial, viral, and other pathogens. For exam-
ple, expression of miR-146a, miR132, and miR155 was largely
induced by endotoxin lipopolysaccharide treatment, which
mimicked bacterial infection [23]. Interestingly, miR146a can
only be induced in a NF-kB dependent manner by the trans-
membrane TLRs that recognize bacterial constituents but
not by the intracellular TLRs that mainly sense viral nucleic
acids, whereas miR155 is induced by both bacterial and viral
infection through TLR3-induced tumor-necrosis factor signal-
ing [19,23]. By regulating TLR4 expression, let-7i also contrib-
utes to innate immune responses against the parasite
Cryptosporidium parvum [24].
Thus, miRNA-mediated gene silencing is a general regula-
tory mechanism in host immunity in both plants and animals.
Additional miRNA proﬁling in pathogen-infected plants is
likely to identify more miRNAs that regulate plant immunity,
including both PTI and ETI.4. Endogenous siRNAs and bacterial eﬀector-triggered
resistance
The ﬁrst example of a plant endogenous siRNA that regu-
lates plant immunity is nat-siRNAATGB2 [14]. This nat-si
RNA was identiﬁed from an expression study of Arabidopsis
siRNAs from publicly available small RNA databases (ASRP
and MPSS) that target pathogen-regulated genes from the
AtGenExpress database [25]. nat-siRNAATGB2 is derived
from the overlapping region of a pair of natural antisense tran-
scripts, a Rab2-like small GTP-binding protein gene ATGB2
and a PPR (pentatricopeptide repeats) protein-like gene
PPRL. It is speciﬁcally induced by Pst DC3000 carrying eﬀec-
tor avrRpt2 but not other eﬀectors. Induction of nat-siR-
NAATGB2 represses the expression of its antisense target
PPRL, a negative regulator of RPS2-mediated ETI against
Pst (avrRpt2) (Fig. 2B). Overexpression of PPRL delayed the
hypersensitive response (HR), reduced cell death triggered by
2682 H. Jin / FEBS Letters 582 (2008) 2679–2684the recognition between RPS2 and Pst (avrRpt2), and en-
hanced the growth of Pst (avrRpt2).
The biogenesis pathway of nat-siRNAATGB2 is unique. It
depends on DCL1, HYL1, and HEN1, and also requires
RDR6, SGS3, and RNA pol IV subunit NRPDla. Strikingly,
the speciﬁc induction of nat-siRNAATGB2 by Pst (avrRpt2)
depends on the cognate host resistance gene RPS2 and the
NDR1 gene required for RPS2-speciﬁed resistance. This study
demonstrated that a plant nat-siRNA is speciﬁcally induced by
a bacterial eﬀector and regulates ETI by down-regulating a neg-
ative regulator of the cognate R gene-mediated speciﬁc resis-
tance pathway. To be cost eﬀective, plant disease resistance
responses need to be suppressed during normal conditions
and to be rapidly turned on upon pathogen attack. Endogenous
small RNA-mediated gene silencing may serve as one of the
mechanisms for this rapid ‘‘oﬀ’’ and ‘‘on’’ regulation.
In addition to the continuous study of small RNAs-targeting
pathogen-regulated genes, our laboratory also conducted small
RNA expression proﬁling via deep sequencing using small
RNAs extracted from pathogen-infected Arabidopsis tissue to
identify more pathogen-regulated plant endogenous small
RNAs. Many small RNAs, including miRNAs and endoge-
nous siRNAs, were induced or repressed by various pathogens,
including bacteria and fungi (Jin et al., unpublished data), and
these small RNAs may down- or up-regulate genes involved in
plant disease resistance and defense responses (Figs. 1 and 2).
Some of these small RNAs are unique to one speciﬁc patho-
gen, whereas others are relevant for plant basal defense re-
sponses and are regulated by multiple pathogens.
During Northern blot expression validation of identiﬁed
small RNAs, Katiyar-Agarwal et al. discovered a novel class
of endogenous small RNAs, long siRNAs (lsiRNAs), which
are 30–40 nt long and are induced by bacterial infection or
by speciﬁc growth conditions [26]. Unlike the recently identi-
ﬁed 25–31-nt animal piRNAs that are DICER-independent
and require PIWI subfamily proteins for biogenesis, plant lsi-
RNAs depend on DCL1 and the AGO subfamily protein
AGO7. Biogenesis of plant lsiRNAs also depends on HYL1,
HEN1, HST1, RDR6, and Pol IV. Of the identiﬁed lsiRNAs,
AtlsiRNA-1 is induced speciﬁcally by Pst (avrRpt2) and down-
regulates a putative RNA binding protein gene-AtRAP, possi-
bly through a novel mode of action in plants—degradation of
the target mRNA through decapping and XRN4-mediated 5 0–
3 0 decay. Knockout mutation in AtRAP increases resistance to
both virulent and avirulent Pst, which suggests that AtRAP
may serve as a common component in basal defense but is con-
trolled by AtlsiRNA-1 during the rapid response to avirulent
factor avrRpt2. AtlsiRNA-2, -3, and -4 are modestly induced
by mock treatment and infection by various Pst strains and
target an iron-responsive transporter gene (IRT2), a signal rec-
ognition particle gene (AT7SL-1), and an anion transporter
gene (ANTR2), respectively. AtlsiRNA-2 and 3 are induced
to a higher level by Pst (avrRpt2). AtlsiRNA-5 is only weakly
induced by Pst (avrRpt2) and targets the antisense gene proto-
porphyrinogen oxidase (PPOX) (Fig. 2B).5. Small RNA-mediated transcriptional gene silencing in plant
immunity
Chromatin-associated, 24-nt siRNAs induce transcriptional
gene silencing by guiding DNA methylation and histone mod-iﬁcations. The bacterial pathogen Pst DC3000 was shown to
induce DNA hypomethylation in the absence of DNA replica-
tion at certain genomic loci, including some peri/centromeric
repeats and retrotransposons, in Arabidopsis [27]. Both viru-
lent Pst DC3000 and avirulent Pst DC3000 (avrRpt2) strains,
but not the non-pathogenic strain Pst DC3000 hrpL, can in-
duce chromatin alteration, such as decondensation of chromo-
centers, in the infected tissue. The authors speculated that Pst
DC3000-induced DNA hypomethylation and heterochromatin
decondensation may promote increased DNA recombination
and genetic variability at some genomic loci, including centro-
meric regions harboring a group of resistance genes. This is a
very interesting ﬁnding, and recently developed bisulﬁte
sequencing using sequencing-by synthesis (SBS) technology
will enable researchers to identify pathogen-regulated DNA
methylation regions at a single-base resolution in a global le-
vel, as demonstrated in the elegant work by Lister et al. [28]
and Cokus et al. [29]. The likelihood of small RNA involve-
ment in this chromatin modiﬁcation process upon pathogen
challenge was indicated by the requirement of AGO4 in resis-
tance to Pst infection in Arabidopsis [30]. Mutant ago4-2 was
identiﬁed from a genetic screen and had enhanced susceptibil-
ity to the virulent Pst DC3000, to the avirulent Pst DC3000
carrying the eﬀector avrRpml, as well as to a non-host strain
P. syringae pv. phaseolicola, which is a pathogen of bean but
not normally a pathogen of Arabidopsis. The extent of DNA
cytosine methylation at CpNpG and CpHpH positions in var-
ious loci is clearly decreased in ago4mutants. AGO4 associates
with 24-nt siRNAs in a putative RNA-induced transcriptional
silencing complex (RITS) to guide DNA methylation and his-
tone modiﬁcations. The biogenesis of these chromatin-associ-
ated 24-nt siRNAs requires DCL3 and RDR2. However,
mutations in DCL3 and RDR2 did not interfere with plant
defense responses. Several DNA methyltransferases and
chromatin-remodeling proteins, including Chromomethylase
3 (CMT3), Domains Rearranged Methyltransferase 1 and 2
(DRM1 and DRM2), and Defective in RNA-directed DNA
methylation (DRD1), act with AGO4 in the RNA-dependent
DNA Methylation (RdDM) pathway. No change of Pst
growth rate was observed in drdl, cmt3 or the drml/drm2 dou-
ble mutant as compared with wild type plants. This lack of
phenotype may be due to the possible functional redundancy
among various DCLs, RDRs, and methyltransferases,
although at this stage we cannot rule out the possibility that
AGO4 could contribute to disease resistance independently
of the RdDM pathway. Disease susceptibility analysis on dou-
ble or triple mutants of RDRs, DCLs, and methyltransferases,
such as dcl2/3/4 and ddc (drm1-2 drm2-2 cmt3-11) triple mu-
tants, will help to clarify this issue [31,32]. Bisulﬁte sequencing
on the ago4 mutant may be able to determine the DNA meth-
ylation regions controlled by ago4 and may identify some R
genes or resistance signaling genes controlled by RdDM.6. NATs-associated endogenous siRNAs and beyond
Interestingly, in addition to nat-siRNAs, several identiﬁed
lsiRNAs are also derived from the overlapping region of NATs
[26]. cis-NAT arrangement is a widespread phenomenon in
both plant and animal genomes. About 7–30% of plant and ani-
mal genes are arranged as cis-NATs in spite of large intergenic
H. Jin / FEBS Letters 582 (2008) 2679–2684 2683regions, which suggests an evolutionary advantage of this geno-
mic arrangement. Over 3000 Arabidopsis small RNAs from
small RNA databases were found to match more than 60% of
protein-coding NAT pairs [33], indicating that the small
RNA-mediated gene regulation may serve as one of the regula-
tory mechanisms for the expression of at least a subgroup of
NATs. Little conservation was observed on either overlapping
NAT genes or nat-siRNAs among diﬀerent species.
Besides the overlapping gene regions, more than 30% of the
Arabidopsis genome and about 60–80% of mammalian gen-
omes can produce transcripts from both sense and antisense
strands [34,35]. Antisense transcription provides perfect
dsRNA precursors for siRNA production. Yi and Richards
provided a nice example of siRNA generation from antisense
transcription at the R gene recognition of the Hyaloperonos-
pora parasitica (RPP) locus [36]. The Arabidopsis Columbia
RPP4 locus (named RPP5 locus in Landsberg erecta ecotype)
contains seven TIR–NBS–LRR class R genes, which are inter-
spersed with two non-R genes and three related sequences.
Two R genes in this locus, RPP4 and SNC1 (for Suppressor
of nprl-1, constitutive 1), were shown to be functional and to
confer resistance to the bacterium P. syringe and the oomycete
H. parasitica. This cluster of R genes is coordinately regulated
by transcription activation and siRNA-mediated RNA silenc-
ing. Endogenous siRNAs were detected at the RPP4 locus,
including SNC1. SNC1 mRNA level is elevated in dcl4,
ago1, and upf1 RNA silencing pathway mutants, indicating
that these siRNAs function in the silencing of SNC1. Antisense
transcripts were detected from the regions that produce these
siRNAs, which suggests that these siRNAs may originate from
sense and antisense RNA pairing.7. Widespread occurrence of endogenous siRNAs in animal
systems
Until recently, no endogenous siRNAs (endo-siRNAs) were
observed in animals lacking RDRPs, such as mammals and
Drosophila. However, the RNAi machinery in Drosophila and
mammals may not function only for antiviral defense by silenc-
ing exogenous viral RNAs. By using deep sequencing technolo-
gies, several laboratories discovered endogenous siRNAs
(endo-siRNAs) that target transposons, intergenic regions,
andmRNAs inmouse andDrosophila [37–42]. InDrosophila so-
matic S2 cells, 41% of the endo-siRNAs mapped to mRNAs do
not map to transposons, suggesting a regulatory role of these
endo-siRNAs in mRNA expression [37]. Furthermore, the
mRNA-targeting endo-siRNAs were highly enriched (eg. over
10-fold in Drosophila) in the overlapping regions of cis-NATs
or the regions that have antisense transcription [37–39,43].
Although the authors did not observe clear strand bias of these
putative nat-siRNAs under the experimental conditions, these
endo-siRNAs may also regulate gene expression of these cis-
NAT genes under speciﬁc conditions, as in plant systems. Thus,
endogenous siRNA-mediated gene silencing is a general gene
regulation mechanism in both plant and animal systems.8. Conclusions
Plants and animals employ small RNA-mediated gene
silencing as an important mechanism for host immunityagainst bacterial, viral and fungal pathogens. We speculate
that many endogenous small RNAs that have yet to be discov-
ered have important functions in host immunity. By perform-
ing more small RNA proﬁling on pathogen-infected tissues
using deep sequencing technologies, we expect to identify more
small RNAs that are involved in host defense responses. These
small RNAs can be up- or down-regulated in response to path-
ogen challenges and subsequently contribute to gene expres-
sion ﬁne tuning and reprogramming by silencing negative
regulators and inducing positive regulators of immune re-
sponses. Identiﬁcation and functional analysis of the targets
of these pathogen-regulated small RNAs would help discover
new players in the host defense pathways and contribute to
the elucidation of the molecular regulatory networks of host
immune systems.
Furthermore, the arms race between host and pathogens will
never end. While hosts utilize silencing machinery for defense
against pathogens, pathogens would likely develop counter-
measures to ﬁght against silencing. We speculate that bacterial
and fungal pathogens may have evolved silencing suppressors,
as in many RNA viruses.
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